Superconducting nanowire single photon detectors are capable of single-photon detection across a large spectral range, with near unity detection efficiency, picosecond timing jitter, and sub-10 µm position resolution at rates as high as 1 GHz. In an effort to bring this technology into nuclear physics experiments, we fabricate Niobium Nitride nanowire detectors using novel material preparation methods and test their performance in strong magnetic fields. We demonstrate that these devices are capable of detection of 400 nm wavelength photons with saturated internal quantum efficiency at liquid helium temperatures and in magnetic fields up to 8 T at high rates and with nearly zero dark counts.
Introduction
Superconducting nanowire single photon detectors (SNSPD) are a relatively recent technology [1] that shows great promise due to their detection capabilities that are in many aspects superior to more conventional semiconductor detectors: timing jitter of 15 ps [2] , near-unity detection efficiency [3] , and > 1 GHz count rate with 1 mHz dark counts [4] . These metrics make SNSPDs a popular choice in fields of quantum communication and sensing, where they have been used in quantum key distribution [5] , long-range quantum teleportation experiments [6, 7] or LIDAR systems [8] . Most of mentioned applications work with standardized IR telecom wavelengths, so the detector development is focused on optimization of detection efficiency of low energy photons [3, 9, 10, 11, 12] . The situation is, however, different if one would want to use SNSPDs for experiments in nuclear physics, where potential applications would include detection of Cherenkov radiation, light from ionization or from scintillatior, and active polarized targets [13] , where the spectral density is shifted towards visible-UV range [14] . In this case we need to focus on performance in conditions that are typically not seen in experiments related to quantum communication. Because SNSPDs have a trivial footprint, they can be positioned closer to the active area of the experiment. The complications associated with these environments are primarily large magnetic fields and, often times, liquid helium temperatures, where Si-based detectors are known to underperform [15] . As SNSPDs are superconducting detectors, cryogenic environments do not degrade their performance. One the other hand, their detection capabilities in strong magnetic fields have not been extensively studied, and so far, SNSPD characterization has usually been limited to fields smaller than 0.2 T [16, 17, 18] .
In this work we explore the detection capabilities of 400 nm wavelength photons in high magnetic fields and we show that, by using the recently developed ion beam assisted sputtering [19] , we can fabricate Niobium Nitride (NbN) high-rate, low dark count SNSPDs capable of operation at liquid helium temperatures and in magnetic fields as high as 8 T -a dramatic performance increase compared to Si-based detectors [15, 20] .
Device Fabrication
The detectors used in this work have the standard meander geometry, with the wire thickness of 13.5 nm, wire width of 80 nm, spacing between the wires 110 nm and a pixel size of 10 × 10 µm 2 (as shown in Figure 1 ). The stoichiometric NbN thin films were prepared by ion beam assisted sputtering [19] at room temperature, with Ar as sputtering gas at 2 × 10 −3 torr in a ultra-high vacuum sputtering from Angstrom system engineering [21] . Devices were patterned using electron beam lithography and ZEP 520A diluted at 1:2 with anisol as resist. Nanowires were etched by reactive ion etching in SF 6 /CF 4 plasma.
Films before patterning had a superconducting critical temperature T C = 8 K and normal state resistivity of approximately 135 µΩ · cm. Perpendicular critical magnetic field was determined to be H C2 (0) = 32 T and the coherence length ξ(0) = 3.2 nm [19] . After patterning, the nanowire detector's T C remained unchanged and the critical current density was determined to be j C = 2.2×10 10 A/m 2 using voltage criteria of 2 µV.
Experimental setup
A Quantum Design PPMS was used to control temperature and apply magnetic field during measurement. The characterization apparatus consisted of a custom designed PPMS insert manufactured by Quantum Opus LLC coupled with a Opus One SNSPD bias and readout module [22] and R&S RTM3000 oscilloscope. Signal was measured using a two-point voltage readout. Light to the detectors was supplied from flood illumination by InGaN LED integrated into the PPMS insert. Nominal wavelength of the LED was 465 nm at room temperature and, when cooled to operational temperature, the wavelength blueshifted to approximately 400 nm. Unless otherwise specified, the LED forward bias was set to 30 µA to minimize excess device heating. All measurements were conducted at temperatures of 3 K due to better temperature stability, with negligible difference from performance at 4 K. All measurements in magnetic fields were carried out by zero-field cooling to 3 K before applying magnetic fields.
Results
In this work, we explore the device performance in two field configurations: One is in field applied parallel to the device plane (B ) and one with field perpendicular to the device plane (B ⊥ ) as schematically shown in Figure 1 . Typical time trace of photon detection events can bee seen in Figure 2 . The 20-80% rise time was determined to be τ R = 341 ± 31 ps and 80-20% fall time is τ F = 11.78 ± 1.6 ns. These values didn't change significantly as a function of applied field or light intensity.
The important detection characteristics of a SNSPD device can be extracted from the dependence of count rate as a function of device bias current. At low currents, the probability of quasi-particle excitation and formation of a hot-spot region after photon absorption is low [23, 24] and increases with increasing bias current. As one increases the constant current bias of a device further, the count rate reaches a plateau -the saturated internal efficiency [25, 26] , where the the probability of detecting an absorbed photon is close to unity [18, 27] . At these current values, the total detection efficiency is determined by external parameters such as geometric filling factors [28] or optical coupling [29] .
For 400 nm photons, in zero magnetic field, our devices can reach saturated internal efficiency at bias currents of approximately 9 µA, well bellow the critical currents of 23 µA (current density close to j = 2.2×10 10 A/m 2 ). This means that the devices are capable of high detection rate, with zero dark counts which increase exponentially as the bias current reaches the critical value (as can be seen in Figure 3 ). The largest observed count rate achieved with our devices was approximately 10 MHz for the 100 µm 2 device. This is not the maximum count rate capability of the SNSPD device (as can be seen from the trend in Figure 4 ), but a limit imposed by the temperature control capabilities of our setup, where the heat load of the LED exceeds the cooling power of the PPMS. The deviation from the expected linear trend in Figure 4 is attributed to these heating effects. In absence of this spurious heating, we expect our SNSPD devices to be capable of detection rates of around 100 MHz -determined by fall time, where count rate is proportional to 1/τ F [30] . If one desires to achieve higher count rates, the common approaches include decreasing the length of the wire (to decrease the kinetic inductance of the device L K [31] ) or introduce a shunt resistance R S to decrease the fall time constant τ F ∝ L K /R S or to split the wire into multiple segments connected in parallel so that the total inductance is a harmonic mean of the individual segment inductances [32, 33] .
In the magnetic field dependence, we will first discuss the case of magnetic field applied perpendicular to the device plane (see Figure 3 b )) which can be compared to results in literature [16, 17, 18] . We can see a relatively strong strong de- terioration of detection capabilities even at fields smaller than 1 T. This can be explained by the dynamics of the the supercurrents [34] and superconducting vortices [35] in external magnetic field. Our choice of fabricating these devices out of NbN prepared by ion beam assisted sputtering, which has a comparatively higher values of critical field H C2 and critical current densities, has already led to a considerable improvement by a factor of 2 when compared to other devices studied in literature [16, 17, 18] . The practical limit of external perpendicular magnetic field is around 0.5 T, past which the detection is dominated by dark counts arising from fluctuations of the near-critical superconducting state [36] . One can increase this value by engineering a stronger thermal coupling to the heat sink (i.e. the substrate) [37] , introducing vortex pinning centers to minimize vortex creep and vortex hopping [38] optimizing the device geometry to prevent current crowding at the meander turns [39] or by increasing the wire cross-section. The last two methods, however, lead to a decrease in total detection efficiency by sacrificing the geometric filling ratio or the hot-spot expansion probability, respectively.
As many experimental setups in nuclear physics are axially symmetric, with magnetic field applied along the symmetry axis (e.g. central solenoids in particle collider detectors [40, 41] ), it is also important to explore the behavior of the SNSPD devices in external fields aligned parallel to the detector plane. The quantitative dependence of rate as a function of bias current in parallel magnetic fields is different, as can be seen in the results plotted in Figure 3 a) . The detector eaches internal efficiency saturation in parallel magnetic fields as high as 5 T (the highest field achievable with our experimental setup), with device saturating at approximately 10 µA, well bellow the onset of dark counts at 12.5 µA. By fitting the dependence of the current at which dark counts start dominating the detector response I DC to a empirical function proportional to 1/B , we can extrapolate the limiting parallel magnetic magnetic field to be approximately 8 T, if we assume that the saturation current is independent of the applied magnetic field. The assumption of constant saturation current doesn't necessarily hold, as can be seen in Figure 3 , where the onset of saturation happens at lower bias currents. This behavior is assumed to be due to effects of magnetic vortices, which can assist the hotspot formation and expansion [35] . While there exist experimental studies of this effect perpendicular fields [42] , the dynamics of the detection process in parallel fields might warrant a separate study, especially in the context of detection of IR photons, which is not the focus of this work. It is important to mention that these effects are relatively weak and lead to underestimation of the limiting magnetic field, so the value of 8 T is still a reasonable approximation.
As the physics driving this behavior is similar to the situation in perpendicular magnetic fields, one can use similar approaches to increase the value of critical magnetic fields: Increase the wire thickness and thermal coupling, change material microstructure to introduce additional vortex pinning sites, or optimize the meander turn geometry to decrease the current densities.
Conclusion
We have demonstrated that superconducting nanowire single photon detectors are a viable technology for detection of individual photons in strong magnetic fields. We show that detectors fabricated from NbN prepared by ion beam assisted sputtering can withstand strong magnetic fields as high as 8 T in the certain configurations and 0.5 T in the cases reported in literature, which is double the field strength usually reported in literature. Even at such large fields they are capable of high-rate detection of 400 nm photons (potentially up to 100 MHz at 100 µm 2 pixel size) with less than 1 Hz dark counts, which makes them an attractive alternative for highrate, low-background measurements in strong field environments -a common demand in nuclear physics experiments that cannot be met by conventional semiconductor detectors.
